The asymptotic freedom behavior of quantum chromodynamics allows the rigorous calculation of hadronic and nuclear amplitudes at short distances using perturbative methods. The implications of QCD for large momentum transfer nuclear form factors and scattering processes, as well as for the structure of nuclear wavefunctions and nuclear interactions at short distances are discussed.
Introduction
In quantum chromodynamics the fundamental degrees of freedom of hadrons and their interactions are the quanta of quark and gluon fields which obey an exact internal SU(3) llcolorll symmetry. It now seems possible that quantum chromodynamicsl)
is the theory of the strong interactions in the same sense that quantum electrodynamics accounts for electromagnetic interactions.
It is well known that the general structure of QCD meshes remarkably well with the facts of the hadronic world, especially quark-based spectroscopy, current algebra, the approximate pointlike structure of large momentum transfer lepton-hadron reactions, and the logarithmic violation of scale-invariance in deep-inelastic reactions.
The theory is particularly successful in predicting the features of electron-positron annihilation into hadrons:
the magnitude and scaling of the total cross section, the production of hadronic jets with a pattern conforming to elementary quark and gluon processes, and heavy quark phenomena.
The empirical results are consistent with the basic postulates of QCD, that the charge and weak currents within hadrons are carried by the quarks, and that the strength of the quark-gluon couplings become weak at short distances (asymptotic freedom). It is clear that if QCD is the correct theory of the strong interactions it must account for the features and interactions of nuclei as well as mesons and baryons.
Because of asymptotic freedoml), we can in fact make detailed predictions for nuclear form factors and scattering processes at large momentum transfer, as well as predict the asymptotic short distance features of the nucleon-nucleon interaction and nuclear wavefunctions. We will also discuss here a particularly novel-feature of QCD: the necessity for color-polarized (or "hidden-color") nuclear states.
In terms of their Fock state description, the hadrons, including nuclei, are (color singlet) composites of quark and gluon quanta; e.g., IT+> = a;,)Ju2> + a;3)Juag> + . . . in QED. For definiteness we shall specigy the s$a_tes at equal "time" r=t+z on the light-cone*).
The total 3-momenta, k, and k = k"+kz, are then conserved &$i=O, ckt=p+), . 1 and the momentum-space wavefunction for each n-particle
Folk state cokponent of a hadron with total momentum p' is a function (spin-labels are suppressed) Y = Y(Xi,~~i)) where xi = kl/p+, czLi=O, and cxi=l. The states are off the "energy" and by Duncan and Mueller6) .
As an example, let us briefly consider the calculation of the nucleon form factor3y4).
Only the "valence" Iqqq> Fock state needs to be considered to leading order in l/Q since (in a physical gauge such as A+= 0) any additional quark or gluon forced to absorb large momentum transfer (proportional to Q) yields a powerlaw suppression M/Q to the form factor. Further, because of the spin-l, helicityconserving couplings of the gauge gluon, overall hadronic helicity is conserved, hI = hF, again to leading order in l/Q.
Thus QCD predicts the suppression of the Pauli form factor:
). The calculation of the nuclear form factor thus reduces to a 3-body problem. The helicity-conserving form factor GM(Q~) can be written to leading order in l/Q in the factorized form [qx = (min Xi)QI: 1 1
Here TH(x,y,Q) is the probability amplitude for scattering three quarks collinear with p to the final direction p+q, as illustrated in fig.  1 . To leading order in as(Q2),
where t(x,y) is a rational function of the light-cone longitudinal momentum fractions xi and yi.
The function @(xi,Q) gives the probability amplitude for finding the valence quarks in the nucleon with light-cone fractions x; at small relative distances bl--0(1/Q):
The "distribution amplitude" $(xi,Q) is the fundamental wavefunction which controls high-momentum transfer exclusive reactions in QCD; it is the analogue of the wavefunction at the origin in the non-relativistic theory. The (logarithmic) Qdependence of $ can be completely determined by the operator product expansion at short distances7) and the renormalization group, or by "evolution equations" computed from perturbative quark-quark scattering kernels at large momentum transfer3y4).
The high momentum tail of the wavefunction for each hadron is thus controlled by QCD perturbation theory. (ii) Dimensional countingq) predicts the power-law scaling of fixed-angle scattering processes:
where n = total number of constituent fields in A,B,C, and D, and the power-law fall-off of helicity conserving form factors: 
The first component corresponds to the usual n-p structure of the dueteron. The second component corresponds to "hidden color" or "color polarized" configurations where the three-quark clusters are in color-octets, but the overall state is a color-singlet.
The last two components are the corresponding isobar configurations. If we suppose that at low relative momentum the deuteron is dominated by the n-p configuration, then quark-quark scattering via single gluon exchange generates the color polarized states (b) and (d) at high k,; i.e., there must be mixing with color-polarized states in the deuteron wavefunction at short distances. It is interesting to speculate on whether the existence of these new configurations in normal nuclei could be related to the repulsive core of the nucleonnucleon potentiall'), and the enhancement13 ) of parity-violating effects in nuclear capture reactions.
One may also expect that there are resonance states with nuclear quantum numbers which are dominantly color-polarized. The mass of these states is not known; if in the unlikely case they are nearly degenerate with ordinary nucleons then they could be long-lived and lay havoc with detailed balance experiments.
It has also been speculated14y Y 5)that such long-lived states could have an anomonously large interaction cross section, and thus account for the Judek16) anomaly in cosmic ray and heavy ion experiments17). Independent of these (wild) speculations, it is clearly important that detailed high-resolution searches for these states be conducted, particularly in inelastic electron scattering and tagged photon nuclear target experiments. In analogy with the nuclear form factor calculation, the QCD prediction for the leading helicity zero deuteron form factor has the form FD(Q2) - [F] 5n$odnm [Pn ~~y'Wy'
where the first factor is computed from the sum of hard-scattering 6q+y* + 6q diagrams.
[See fig. 4 .1 The anomalous dimensions can be calculated from a system of evolution equations for the coupled six-quark components of the deuteron form factor at short distances'*). 
I -
Note that fD(Q2) must decrease at large Q2 since it can be identified as the probability amplitude for the final n-p system to remain a ground state deuteron. In fact, the QCD counting rule eq. (8) 
The mass parameter m can be estimated 10) from the parameters in the meson and nucleon form factors and is expected to be small (m2 -0.3 GeV2). The comparison of data'l) for fD(Q*) with the predictionlq) (Q*+o.~ GeV2)fD(Q2) -f const. is given in fig. 5 . Remarkably, the prediction seems to be accurate from Q2 below is.*, SDUCCeSS for hz,)-is a remarkable . We note that the which is supposed to remove the effects of the struck nucleon's structure is invalid in QCD. [A nucleon with momentum 2p L 1-I which absorbs momentum transfer qp as in fig. 4c becomes far off-shell and spacelike ($p+Q)' -Jrq2, so that the total y*+N+N* off-shell Q2-dependence is not given by FN(Q2).1 The same dynamics which controls the nucleon form factor also controls the nuclear physics mechanism which transfers momentum to the other constituents in the nucleus. The definition of the reduced form factor fA(Q2) takes into account the correct partitioning of the nuclear momenta, and thus, to first approximation, represents the nuclear form factor in the limit of point-like nuclear constituents. It may be of interest to see whether a consistent parameterization of nuclear amplitudes can be obtained if in each nuclear scattering process, reduced "point" amplitudes are defined by dividing out the nuclear form factors at the correct partitioned momentum").
QCD and the nucleon --nucleon interaction
The asymptotic-freedom property of QCD implies that the nuclear force at short distances can be computed directly in terms of perturbative QCD hard-scattering diagrams.
The basic prediction for the nucleon-nucleon amplitude is (modulo logarithmic factors)4,q)
( 16) where Q 2---t is the square of the momentum transfer.
The predicted fixed angle scaling behavior'), 5. The continuity of nuclear physics and quantum chromodynamics
The synthesis of nuclear dynamics with the quark and gluon processes of quantum chromodynamics is clearly a fascinating fundamental problem in hadron physics.
The short distance behavior of the nucleon-nucleon interaction, which is rigorously determined by QCD, must join smoothly and analytically with the large distance constraints of nuclear physics. As we have emphasized here, the fundamental mass scale of QCD is comparable with the inverse nuclear radius; it is thus difficult to argue that nuclear physics at distances below -1 fm can be studied in isolation from QCD. 
